Increasing production of beef, poultry, and swine from confined feeding operations in the Southern Plains necessitates that larger amounts of manure be applied to limited areas of agricultural land. If long-term manure applications of nitrogen (N) and phosphorus (P) in manure exceed crop removal, the accumulation of soil N and P can result in levels that pose a problem of concern to both surface and groundwater resources. We investigated the effect of beef feedlot manure, poultry litter, and swine slurry applications (100-1000 kgN and 37-270 kgP ha'yr -') for up to 35 years on the forms of N and P in 20 soils from the Southern Plains. Manure applications increased amounts of organic soil N but had little influence on the distribution or availability of N forms measured. In contrast with N, manure increased available inorganic P (IP) fractions 15 to 187 mg kg' (bicarbonate extractable). Although manure also increased labile bicarbonate extractable organic P (OP) on average 162%, there was a general shift from OP dominace in untreated soils (64%) to IT in treated soils (60%). The major portion of this IP increase was Ca-bound (110 extractable). The large amounts of Ca added in manure (2-60 g Ca kg-') tended to dominate inorganic P availability reactions in manure-treated soils relative to untreated soils, even with soils of pH 6.0. Thus, current soil P tests, particularly acid-based extractants (Bray 1 and Mehlich 3), may overestimate soil P levels available for plant uptake or transport in runoff.
Livestock production plays a major role in the economy of the Southern Plains region of Okla- production from beef feedlot, poultry, and swine operations.
In the late 1980s, confined animal production increased dramatically. For example, poultry broiler production increased from 165 to 240 x 106 kg yr' between 1987 and 1989, representing a 47% increase in production value from $105 to 198 million (Doye et al. 1991) . Similar increases in beef feedlot and swine production have also been registered.
Animal manure is a low-cost alternative to mineral fertilizers for many farmers in the Southern Plains, providing a valuable source of nitrogen (N) and phosphorus (P) for crop and forage production (Hileman 1967; Huhnke 1982) . However, the large amounts of manure produced in localized areas can exceed crop N and P requirements. This can increase the potential for nitrate-N (NO3_ N)movement through the soil into ground water and P loss in surface runoff (Cooper et al. 1984; McLeod and Hegg 1984) . Thus, efficient utilization of manure to avoid potential water quality degradation is one of the main problems facing farmers. In many areas this problem is exacerbated by the fact that farmers have turned to confined animal operations (particularly poultry and swine), because of crop yield uncertainties and decreasing returns on traditional grain and forage crops. As a result, crop N and P needs in these areas have been declining.
In order to make reliable recommendations for land application of animal manure and management alternatives, information is needed on the fate of manure N and P in soil. In recent studies, we found continual long-term application (8-35 years) of beef feedlot, poultry litter, and swine manure increased up to eight fold the total N (TN) and P (TP) content of several soils (0 to 5-cm depth) in Oklahoma and Texas (Sharpley et al. 1984 (Sharpley et al. , 1991 (Sharpley et al. , 1993 . These studies did not evaluate the effect of manure on inorganic and organic forms of soil N and P in terms of potential nutrient sources for plant uptake or loss in runoff. As no other information is available, we determined the distribution and relative availabilities of N and P forms in soils receiving beef feedlot, poultry litter, and swine manure for up to 35 years in the Southern Plains area of Oklahoma and Texas. 
Site characteristics
Soils that received beef feedlot manure in the Texas Panhandle (Potter county), poultry litter in southeast Oklahoma (LeFlore and McCurtain counties), and swine manure in northeast Oklahoma (Delaware county) were selected, and management history is given in Table 1 . The selected sites reflect typical soils of the area receiving manure and were all on gentle slopes (<2% slope), so previous changes in soil properties caused by erosion or deposition would be minimal. Soils treated with poultry litter and swine manure were cropped with "Coastal" or "Midland" bermuda grass (Cynodon dactylion L. Pers.) cut for hay approximately twice a year. Beef feedlot manure was applied to irrigated grain sorghum (Sorghum bicolor L. Moench) before moldboard plowing about 20 cm deep in spring. No mineral fertilizer N or P was applied during the period of manure application. Information on the rate and duration of manure application at each site was obtained from the landowner. For poultry litter, pine shavings were used as bedding material in the broiler houses.
The same soil types on adjacent areas that had not received manure (untreated) were also sampled for background information. Untreated soils similar to those receiving poultry litter and swine manure were all under idle unfertilized native grass. Soils adjacent to those receiving beef feedlot manure were under irrigated unfertilized grain sorghum.
Treated and untreated soils were sampled on the same day by taking six 2.5-cm-diam. cores at each site in 5-cm increments to a 150-cm depth. The beef feedlot sites were sampled in April 1976, poultry litter sites in July 1990, and swine slurry sites in June 1989. Soil cores were air-dried, cornposited, and sieved (2 mm). The samples were stored in air-tight containers for later analysis.
Analysis
Total N was determined by a semimicro-Kjeldahl procedure (Bremner 1965a) . Inorganic N forms (NO3 -N, and exchangeable ammonium NH4 -N}) were determined using procedures described by Bremner (1965b) . Organic N was fractionated by hydrolyzing soil samples with HCI according to procedures described by Porter et al. (1964) . Soil pH was determined using a glass Litter applied every other year.
electrode (soil/water ratio, 1:2; weight/volume). Soil inorganic (IF) and organic P (OF) was fractionated according to the procedure described by Hedley et al. (1982) . This involved sequential extraction of 0.5 g of soil with 30 ml of 0.5 M NaHCO3 (pH 8.5), 0.1 M NaOH, and 1.0 M HC1 each for 16 h. The residual soil was finally digested with conc. H2SO4 and H202. The IF content of each filtered and neutralized extract and TP content of the digest was determined by the molybdenum-blue method of Murphy and Riley (1962) . The TP content of the bicarbonate and hydroxide extracts was also determined following perchloric acid digestion (Olsen and Sommers 1982) . The OF content of the bicarbonate and hydroxide extracts was calculated as the difference between TP and IF contents. The fractions are subsequently referred to as bicarbonate IF, hydroxide IP, acid IF, bicarbonate OF, hydroxide OP, and residual P. All analyses were conducted in duplicate and the means presented.
The sequential extraction procedure removes IF and OP of increasing chemical stability in terms of soil F fertility. Hedley et al. (1982) , and more recently Tiessen et al. (1984) (Hsu 1977; Syers et al. 1967; Tiessen et al. 1984) .
RESULTS AND DISCUSSION
The total N and F content of manure collected from the land owners before application, averaged 15 and 4 g kg -' for beef feedlot manure, 44 and 15 g kg' for poultry litter, and 5.0 and 1.7 g L-' for swine slurry (dry weight basis). These values are similar to those reported by Gilbertson et al. (1979) . Manure N and P contents will vary with type of feed, number and length of exposure of animals to bedding material, and dilution by cleaning water and soil material. Also, manure application rates stated by land owners may vary slightly from year to year. Even so, manure N and P contents enable estimation of respective amounts added to treated soils. The major change in soil TN and TP content following manure application to the soils of the present study occurred in the surface 5 cm of soil (Sharpley et al. 1984 (Sharpley et al. , 1993 . Thus, N and P fractionation of only the 0 to 5-cm soil layer was conducted.
mg kg-' ---------------------------------

Nitrogen
The TN content of surface soil (0 to 5-cm depth) ranged from 792 to 3307 mg kg -, with the readily available N contents (i.e., NO,-N and exchangeable NH I-N) ranging from 3 to 111 mg kg -' (Table 2) , In general, manure applications tended to increase soil TN contents, although the differences were not always statistically significant (P < .05). Manure application effects on NO .,-N and exchangeable NH,-N were more variable, with large inconsistent differences often observed (Table 2) . Obviously, the effect of animal manure applications on the soil available N is less predictable than on the TN content and is probably confounded by more available amounts lost as a result of leaching than in surface runoff.
Characterization of organic N into three broad fractions results in each fraction being derived from a spectrum of compounds (Porter et al. 1964) . Fraction 1 (distillable acid-soluble NH4-N) includes N144 -N released during hydrolysis, amide N, and amino sugar N. Fraction 2 (nondistillable acid-soluble N) includes amino acid N, and Fraction 3 (acid-insoluble N) includes humin N, unhydrolyzed humin N, and N of insoluble residue. Results for organic N, calculated as fractions on the basis of TN, show the proportions of the individual fractions were not changed drastically (or consistently) by manure application. Such results are in general harmony with earlier studies involving effects on organic N form distribution for soils receiving chemical N fertilizer applications (Smith & Young 1975) .
Phosphorus
Total P content increased as much as eight fold (Carnasaw soil and poultry litter) with manure application (Table 3 ). The sequential fractionation of soil P into forms of differing availability allows a further evaluation of the disposition of P in soils treated with manure. Manure application resulted in a significant (P < .05) increase in all fractions (Table 3) . However, the increase was greater for inorganic than for organic fractions. For example, the bicarbonate IP content of manure-treated soils averaged ninefold greater, hydroxide IP fourfold greater, and acid IP sevenfold greater than for untreated soils, whereas bicarbonate OP in treated soils was only threefold and hydroxide OP twofold greater (Table 3) .
Thus, manure application resulted in a shift in dominance of OP forms in untreated soils to IP in treated soils. The proportion of TP as IP increased from 46 to 61% in soils treated with beef feedlot manure and from 31 to 58% in soils treated with either poultry litter or swine slurry (Table 4) . Overall, most of the applied manure P accumulated as weakly bound plant-available IP and IP associated with hydrous Al and Fe oxides and Ca precipitates (Table 4) .
For all manure types and most treated soils, the most dramatic increase occurred in acid IP (associated with Ca phosphates; Tables 3 and 4) . This was the case, even though the pH of treated soils ranged from 5.9 to 7.2. While beef feedlot manure and poultry litter increased soil pH only 0.4 and 0.2 units, respectively, swine slurry application increased pH an average 0.9 units (Table   4 ). It is likely that the increase in acid IP with manure application, results from the large amounts of Ca added in manure. In fact, the accumulation of manure P as acid IP averaged for each manure type, was significantly related (7 2 = 0.77; P <.01) to the Ca content of manure (Fig. 1) . The average Ca contents of beef feedlot manure, poultry litter, and swine slurry were 20, 60, and 2 g kg-' respectively (Gilbertson et al. 1979) . The large amounts of Ca added in manure and the increase in soil pH (Table 4) will favor the formation of hydroxyapatite and metastable Ca-P forms (Wang et al. 1995) .
CONCLUSIONS
Manure application increased the amounts of N and P in several fractions. However, the distribution of N in three organic fractions of differing availability was not affected greatly by applica-
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FIG. 1. Relationship between the proportion of P added in manure accumulated as acid extractable (calcium-bound) inorganic soil P and the amount of calcium added in manure.
tion of any of the manures studied. In contrast, manure application resulted in a change in dominance of OP in untreated to IP in treated soils. This influences both soil P fertility status and vulnerability of manure-treated soil to enrich runoff with P. A shift from OP to IP forms, particularly the more labile or weakly bound fractions, not only provides more P for plant uptake but can increase the potential for P transport in runoff.
For each manure type and all soils, manure P increased IP to a greater extent than OP. Although amounts of P in all fractions increased, there was a shift in dominant IP form from Aland Fe-bound to Ca-bound IP with application of each manure type. Thus, it is possible that current soil test methods, such as acid Bray and Mehlich extractants, may overestimate plant available P in soils treated with manure by dissolution of Ca -P complexes. This may also lead to an overestimation of the potential for soil P to release P to runoff.
The results of this study indicate that longterm application of several types of manure can influence the relative fractions and availabilities of soil P to a greater extent than N. Thus, the land application of manure may affect long-term soil productivity and the methods by which it is assessed.
